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INTRODUCTION 


The developments in irrigation agriculture in the arid West have caused 
many changes to be made in the method of delivering water to canals 
and to individual irrigators. The value of water increases with the 
increase of irrigated acreage, and the long-accepted practice of fixing the 
charges for water on a per-acre-per-annum basis is rapidly losing ground 
in favor of charges based on the volume of water delivered. When irri- 
gators pay according to the amounts of water used, there is every incen- 
tive for them to study the water requirements of their crops and to use 
the least quantities they judge to be necessary. This leads to a proper 
economy in the use of water, permits a greater acreage to be irrigated 
with the available water supply, and conserves the land. 

The transition from a flat rate to a rate based on the water actually 
used is calling for a better knowledge of the accuracy and practicability 
of existing measuring devices as well as the development of new devices. 
The weir is generally considered an accurate device for measuring water, 
and it doubtless is such, provided it is properly installed and the correct 
formula is used for determining the discharge through the notch. Weirs 
constitute a large proportion of the devices in use for measuring irriga- 
tion water at the present time, being principally of the rectangular notch 





1 This paper is based on experiments conducted in the hydraulic laboratory at Fort Collins, Colo., under 
cooperative agreement between the Office of Experiment Stations of the United States Department of 
Agriculture and the Colorado Agricultural Experiment Station. 
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or Francis type, and the Cipolletti type. Most of the weirs in use have 
notches with crest lengths of 4 feet or less, being such as are adapted to 
the delivery of water for farm units. Unfortunately, owing chiefly to 
the confusion of the statements contained in the literature on weirs, 
various standards of dimensions have been used in the construction of 
the weirs now in use. ‘This lack of uniformity results in many erroneous 
measurements. 

The basic experiments with notches having thin edges and full con- 
tractions were made by James B. Francis (5)! from 1848 to 1852. These 
have subsequently been enlarged upon by several experimenters and 
mathematicians. Francis made three series of experiments with rec- 
tangular-notch weirs, but the discharges were measured directly in only ° 
one series (5, p. 75-76). In each of the two other series an equal flow 
of water was made to pass through notches of different lengths, the crest 
lengths and the heads being noted. In the experiments, where the dis- 
charges were measured volumetrically, only notches of approximately 8- 
and 10-foot lengths were used, and the heads ranged from only 7 to 19 
inches (5, p. 122-125). Most of the experiments were made with the 
10-foot notch, as they were to be applied directly to the measurement 
of water for power purposes. Francis stated (5, p. 133) that the formula 
which he derived would apply to heads ranging from 6 to 24 inches, but 
in no case was it to be used either for heads exceeding one-third the 
length of the crest or for very small heads. With these limitations the 
formula can not be used for weirs having crest lengths of less than 1.5 
feet nor for heads exceeding 2 feet. Fora 1.5-foot crest the formula can 
be used only for a 0.5-foot head. Horton states (7) that the Francis 
data and formula will hold for heads from 0.5 foot to 4 feet. Francis’s 
experiments were very carefully and conscientiously made, but were 
with longer notches and greater volumes of water than are usually 
needed in delivering water to irrigators. The Francis formula is fre- 
quently used, however, without regard to the limits which he imposed 
upon it, and it is not uncommon to see tables computed from it that give 
discharges for heads as low as 0.01 foot, with heads as high as 1 foot for 
a crest length of 1 foot, and for crest lengths varying from 0.5 foot to 
20 feet. 

The most popular weir notch has been the trapezoidal type with side 
slopes of one horizontal to four vertical. This type was designed and 
the formula deduced by the Italian engineer Cesare Cipolletti (3), with 
the idea of automatically eliminating the correction for end contractions 
necessary with the rectangular notches and thus obtaining a type of 
notch the discharge through which would be proportional to the length 
of the crest and free from error in excess of one-half of 1 per cent from 
any single cause. Cipolletti derived the shape of the notch by a mathe- 
matical modification of the Francis formula for the rectangular notch. 





1 Reference is made by number to “ Literature cited,” p. 1112-1113. 
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He obtained the values for the coefficient and exponent by examining 
Francis’s experimental data and increasing Francis’s coefficient value 
somewhat arbitrarily by 1 per cent. He also made a few experiments, 
but stated that his formula was subject to the limitations imposed by 
Francis; consequently the extension of the range of application of the 
formula has been an excursion into unexplored territory. The notch 
designed by Cipolletti was intended to measure a minimum discharge of 
150 liters (5.3 cubic feet) per second and a maximum discharge of 300 
liters (10.6 cubic feet) per second, thus further restricting the use of the 
Cipolletti formula to notches having crest lengths of not less than 3 feet 
nor more than 8 feet. 

There is great practical need in irrigation practice for weirs with small 
notches and for measurements with small depths of water over the crests 
of the notches. It also is important to know that the discharge for- 
mulas are correct, as many other forms of measuring devices are com- 
monly calibrated by being hitched in tandem with the weir. For these 
reasons it was deemed advisable to conduct a series of experiments with 
notches having thin edges and full contractions (1) to determine whether 
the Francis and Cipolletti formulas hold for notches of the sizes ordi- 
narily used in irrigation practice and (2), in case the old formulas did not 
hold, to derive new formulas. 


LABORATORY EQUIPMENT AND METHODS 


The hydraulic laboratory at Fort Collins was built in 1912-13, under 
a cooperative agreement between the Office of Experiment Stations, 
United States Department of Agriculture, and the Colorado Agricul- 
tural Experiment Station, and is designed for research work in hydraulics, 
especially gravity flow.t With the exception of the building, which 
is of brick, the laboratory is constructed almost entirely of concrete 
and metal to give it rigidity, permanency, and water-tightness. All 
water faces of concrete are covered with a 3 to 1 cement-plaster coat 
three-eighths of an inch thick. Tests have shown the seepage losses 
to be negligible. The plan and a sectional elevation of the laboratory 
are shown in figure 1. The circular storage reservoir has a top diameter 
of 87 feet, side slopes of 1 to 1, andis 614 feetdeep. Theheadrace connect- 
ing it with the weir box is approximately 60 feet long, 4 feet deep, and 
6 feet wide for the first 15 feet below the head gates and then expands 
to 6 feet deep and 10 feet wide at the weir box. The weir box is 20 
feet long, 10 feet wide, and 6 feet deep, and has a heavy T-iron frame 
approximately 3 feet high and 6 feet long in its bulkhead wall. This 
frame is surfaced, bored for 34-inch bolts, and so arranged that the plates 
containing or forming the notches or orifices and other measuring 
devices requiring a vertical position can be adjusted accurately for 
experiments. The joints between the plates and the frame are made 





1 For a complete description of the hydraulic laboratory, see an earlier article by the writer (4). 
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two 22-inch circular openings leading to these channels are separated 
by a steel plate, and a single disk on the lever arm makes a double shear 


*AIOPIOQE] D[NVIpPAY SUtlOD 310,4 ay} JO suOT}eATTa [eUOT}eS PUB UB[G—! ‘Ory 


x 4a UO LLAY OD 
sansasay hivi/jxti~. \ ps 
arene re See : 
its ei reer Saat Sassy 
x aoaung puna '! 
=>) LL r rs 


Vol. V, No. 23 


























The water passing through the 





i! 











ite ir ee 


cas fh} %, ; 
BS! Way 
AL, 





























Journal of Agricultural Research 
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gate for the openings. The calibrated tanks and the wasteways on 
the weir box as well as the spill box are connected with the waste reser- 
voir, from which the water can be returned to the storage reservoir 
by either a 12-inch or a 5-inch horizontal centrifugal pump driven by 
electricity. The floors of the calibrated tanks and the waste reservoir 
are 19 feet lower than the coping of the storage reservoir. 

Some of the means used to secure accuracy in the experiments are 
as follows: The laboratory is so arranged that the centers of the storage 
reservoir, the headrace, the frame in the end of the weir box, and the 
channel from the spill box to the calibrated tanks all lie in the same 
straight line, thus permitting the water to approach and leave the device 
under experiment in a straight line. 

The three head gates between the storage reservoir and the head- 
race—6, 12, and 18 inches in diameter, respectively—permit a fairly 
accurate regulation of the water entering the weir box. 

Immediately below the head gates a series of two horizontal and 
two vertical baffles breaks up the eddy currents and reduces pulsations 
and wave action to such an extent that the water, before entering the 
weir box, is in a pondlike condition. 

In one side of the weir box, about 15 feet upstream from the bulkhead, 
is an overpour spillway which resembles a door 2 feet high and 3 feet 
long hinged at the bottom. The top of this spillway when in an upright 
position is slightly below the top of the weir box. Aprons of oiled 
canvas attached to the sides of the weir box and to the face of the door 
prevent leakage and compel the water to pass over the crest of the 
spillway. A 4-inch gate valve placed at the side of the spillway permits 
a still more careful regulation of the depth of the water in the weir box. 
Both the spillway and the gate valve can be adjusted by the hook-gauge 
observer on the opposite side .of the weir box by means of screw controls 
operated by handwheels placed on the ends of long rods. By always 
having some water running over the spillway it was possible to keep 
the head upon the device under test constant throughout the duration of 
the experiment, usually from 20 to 40 minutes, depending upon the 
volume of water being run. 

The elevations of the water in the weir box and the spill box are 
observed in concrete gauge boxes built on the outside walls of the re- 
spective boxes. These gauge boxes are 1 foot by 2 feet by 4 feet deep, 
inside dimensions, and the water enters each of them through four 
1-inch pipes. The gauge box for the weir box is located 10 feet upstream, 
and that for the spill box 7 feet downstream from the bulkhead. The 
pipes leading to the latter, however, take water from the spill box at a 
point only 314 feet downstream from the plane of the weir. Each gauge 
box is equipped with an electric drop light and a Boyden hook gauge 
anchored in the concrete wall, and readings of the water level can be 
made to 0.001 of a foot. 
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In order to refer the elevation of the crest of the notch being experi- 
mented with to a reading of the weir-box hook gauge to the nearest 0.001 
foot, the instrument shown in figure 2 was devised. The ends of the 
legs and the hook can be adjusted so as to make the distance from the 
top of the plate to the groove in the legs exactly equal to the distance 
from the top of the plate to the point of the hook. By resting the notched 
legs on the crest of the notch and adjusting the plate to a horizontal 
position with a sen- 
sitive level, the point 
of the hook is brought 
to the same elevation 
as the crest of the 
notch. Water is run 
into the weir box, and 
the surface of the 
water is adjusted to 
the point of the crest- 
hook gauge. Since it 
is possible to main- 
tain the water level in 
the weir box quite ac- 
curately, the hook- 
gauge reading in the 
weir-box gauge box 
is taken to correspond 
to the crest elevation 
of the notch. Re- 
peated determina- 
tions of this nature 
indicated a high de- 
gree of accuracy. 

In order to avoid 
the fluctuating condi- 
Fic. 2.—Device used in referring elevations of the notch crest to the tions of the flow 

reading of the hook gauge. which occur when 
tests are being started or stopped, means had to be provided for quickly 
turning the flow into the channel to the calibrated tanks when the 
desired conditions for the test had been obtained. This is accom- 
plished by means of the double shear gate used to close the two 22-inch 
circular openings in the spill box. The lever arm of this gate is 8 feet 
long, the disk is seated by means of steel shear springs, and the gate is 
positive and instantaneous in action. When the gate handle reaches 
midpoint of its swing, it strikes a gong, which is a signal to the hook- 
gauge observer to start or stop the stop watch used in recording the 
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duration of the experiments. The error in time in operating the shear 
gate and the stop watch is only a small fraction of a second. 

The calibrated tanks cover an area 55 feet square, divided by 12-inch 
vertical-sided concrete walls into one tank 27 by 55 feet, two tanks each 
23% by 27 feet, and a channel 6 by 27 feet, which is connected with each 
tank by a 14-inch circular orifice placed on the floor line and controlled 
by a gate. The tanks are 81% feet deep. Their floors are all at the 
same elevation, and they have a combined capacity of more than 22,000 
cubic feet available for experimental purposes. The tanks have been 
carefully calibrated, corrections having been made for all irregularities, 
gate openings, rods, etc., and tables have been prepared giving the 
capacity at each o.oo1 foot in elevation. A brass rod 1 inch in diameter 
and 9 feet long was placed in a vertical position near one corner in each 
calibrated tank, being held out from the wall about 6 inches by iron 
brackets set in the concrete (fig. 3). Holes drilled in these rods at 
carefully measured intervals of about 18 inches serve as datum points 
when the quantity of water in the tanks is being measured. The eleva- 
tion of the water in the tanks is determined to 0.001 foot by means of a 
hook gauge having fixed to its back a heavy clamp provided with a pin 
which fits snugly into the holes in the rod. A steel ladder was placed 
adjacent to the brass standard rods in each tank and anchored to the 
concrete. The platform shown in figure 3 is 20 by 24 inches and can be 
lowered close to the water surface and secured to any of the ladders by 
means of hooks. The funnel-shaped arrangement attached to the plat- 
form has a %4-inch hole in the bottom and can be adjusted so as to form a 
stilling basin for the hook gauge. With the water levels at the beginning 
and the end of the experiment determined by means of the standard 
rod and hook gauge, the volume run during the experiment can be 
determined readily from the calibration tables. 

Unless otherwise stated, the experiments recorded in this publication 
were made with notches the edges of which were one-sixteenth inch or 
less in thickness. The notch plates used were constructed either entirely 
of brass or of steel with brass notch edges. The crests and sides of the 
notches were dressed to true angles and straight lines, and by means of a 
micrometer caliper were calibrated to an allowable divergence of 0.002 
inch from a straight line. The triangular notches were dressed to tem- 
plates. The plate containing the notch under observation was placed 
in a vertical position in the T frame in the bulkhead of the weir box, 
and the crests of rectangular and Cipolletti notches were leveled to 
within 0.001 foot by means of a 12-inch steel-frame level, upon which a 
bubble division indicated a variation of 0.0004 foot for a length of 1 foot. 
The inner face of the bulkhead was flush with the crest of the notch. 
The triangular notch plates were placed so that a vertical line would 
bisect the angle formed by the sides of the notch. In all the experi- 
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ments except those upon the effect of contraction (p. 1091) the bottom 
of the weir box was approximately 4% feet below the crests of the notches, 
and the sides of the weir box were 3 to 4% feet from the ends of the crests, 
depending upon the size of the notches. In all the experiments the floor 
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Fic. 3.—Ladder, platform, and datum rod used in calibration tanks. 




















of the spill box was approximately 4.5 feet below the vertex, or crest, 
of the notch. 

Thirty or forty tests were made upon each notch, the experimental 
variable being the head. Intervals of head of 0.05 foot were used, and 
duplicate tests were run for each 0.1 foot of head. If the data from the 
duplicate tests did not agree within one-half of 1 per cent, the tests were 
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repeated until such agreement was obtained. It is not claimed that 
this arbitrary rule insures the accuracy of results of the individual tests, 
but it did lead to the detection of irregularities in the working conditions 
and increased the probability of accuracy. Comparatively few tests 
had to be rerun, which indicates the stability of the experimental tests 
and the nice control of the heads made possible by the head gates, 
wasteways, and baffles. 

The heads and the corresponding discharges obtained were plotted 
for the various notches. The curves were then drawn which best rep- 
resented the discharges through the different notches, the plottings 
being made upon such a scale that discharge values could be read from 
the curves to three decimal places. 

The following method was used in smoothing the curves and obtain- 
ing the values for C in the general formula Q=CLH?: 

Discharge values were taken from the curves for each 0.05 foot head, 
and the slope was determined for each straight line connecting pairs of 
points. The slope for each point was first taken as the average between 
the slopes of the two straight lines to which it was common; then, calling 
the point in question b, the point for the next 0.05 foot head above, a, 
and that below, c, the slopes were given a second smoothing by the 
equation i ramet and a third smoothing was obtained by substi- 
tuting the values obtained by the second smoothing in the equa- 
a+2b+3c+2d+e_ 

9 
of the resulting curve was used to compute the last smoothing of the 
slopes. Substituting these computed values for n in the general formula 
Q=CLH", the corresponding value of C was obtained for each head. 





tion c. ‘These values were plotted, and the equation 


EXPERIMENTS WITH NOTCHES HAVING FREE FLOW 


DEDUCTIONS OF FORMULAS FOR RECTANGULAR AND TRAPEZOIDAL 
NOTCHES 


The general type of formula heretofore used for discharges through 
rectangular and trapezoidal notches is Q = CLH", in which L is length of 
crest, H the head of water over the crest, and C and n are constant for 
each type of weir. Expressed logarithmically, the general formula be- 
comes log Q=log C+log L+n log H, which equation, when plotted, 
gives a straight line whose slope is n and whose intercept is log C + log L. 

The data obtained for the rectangular and Cipolletti notches, when 
plotted logarithmically, gave curves instead of straight lines. It was 
found, however, that a general straight-line equation could be deduced 
for the discharges through the rectangular notches, which, within the 
range of the experiments, would give discharges as close to the experi- 
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mental data as would the general curve equation. The experimental 
data indicate, however, that the general curve equation would hold true 
for a greater range of notch lengths and heads than would the general 
straight-line equation. ‘Table I, for the Cipolletti notches, gives the dis- 
charge values for the different heads as read from the curve, the experi- 
mental discharge values (observed discharges) at greatest variance with 
the curve discharge values, and the values of the exponents n and coeffi- 
cients C necessary in the Cipolletti formula to give the discharges ob- 
tained in the experiments. The values of n and C in the table show that 
the discharges for any notch, if plotted logarithmically, would not give a 
straight line, since neither the n’s nor the C’s are constant. A compari- 
son of the curve discharge values and the observed discharges in the 
table also serves to indicate the accuracy of the experimental data. 
The variations of the n’s and C’s also hold for the rectangular notches, 
but are not so pronounced as in the case of the Cipolletti notches, since 
the discharge curves for rectangular notches are flatter. 
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Fic. 4.—Curves showing the relation between discharges with constant heads through rectangular notches 
of different lengths and the lengths of the notches. 
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RECTANGULAR NOTCHES 


With rectangular notches 226 tests were made, the actual crest lengths 
used being 0.50721 foot, 1.0055 feet, 1.5026 feet, 2.0057 feet, 2.9970 feet, 
and 4.0065 feet. These actual lengths were used in all computations 
connected with the derivation of the formula. 


DERIVATION OF THE FORMULA 


The discharge values for 0.05-foot increments of head, taken from the 
curves plotted from the experimental data, were used in the following 
deductions, thereby eliminating to a large extent the experimental 
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Fic. 5.—Curve showing the relation between a in the equation Q=aL—b and the heads on rectangular 
notches. 


irregularities. The discharge values for the different notches were 
plotted (fig. 4) with the lengths of crests (L) as abscissas, and the dis- 
charges (Q) as ordinates. A straight line was then drawn for each head 
by passing it through the points representing the discharges over the 3- 
and 4-foot crests with the given head. The equations of these straight 
lines were found to be of the form Q=aL—b. 

The slopes (a) of the lines were computed from the coordinates of the 
discharge values with the 3- and 4-foot crests. The relations between 
the heads (H) and the slopes (a) in the above formula were plotted (fig. 
5) and gave a curve the equation for which was found to be a=3.247H'™. 

The relations between the heads (H) and the intercepts (b) in the 
equation Q=aL—b are shown in figure 6. The equation for the curve 
was found to be b=0.283H!'. 
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The offsets from each of the straight lines in figure 4 to the points rep- 
resenting the discharges with the head for which the line was drawn 
were tabulated, and an expression for the offsets was determined to be 
0.283H!° 
I+2L'* * 

Substituting the values of a and b in the equation form Q=aL—b and 
making a correction for the offsets from the straight lines, the formula 
for the rectangular notches was found to be 


1.8 
QO=3.247 LH™48— (2S 


Table II gives the discharge values for the rectangular notches of dif- 
ferent lengths computed by this formula. - This formula gives discharge 
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values within a maximum of approximately 1.2 per cent of the values indi- 
cated on the curves plotted from the experimental data, but the aver- 
age variation is only 0.28 per cent. ‘Table V compares the values indi- 
cated on the curves plotted from the experimental data and values com- 
puted with formulas. 


TABLE II.—Discharges (in cubic feet per second) through rectangular weir notches } 





Head. 1-foot crest. 14-foot crest. 2-foot crest. 3-foot crest. 4-foot crest. 





Feet. Inches. 
©. 20 234 ©. 291 0. 439 o. 588 o. 887 -19 
» 2I 2% - 312 - 472 - 632 +954 . 28 
a2 25% 438 - 505 . 677 I. 02 a7 
+23 234 - 358 + 539 +723 I. 09 . 46 
24 | 2% . 380 574 . 769 1. 16 . 58 


.566L1 8 
1 Computed by the formula Q=3.247LH!.8- (3s mn) His 
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TABLE II.—Discharges (in cubic feet per second) through rectangular weir notches—Con, 
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oa 


HHH 


no oe 


HHH He 


eel 
Ainaice 


oat 


eH HH He He 


a 
\ 


x 





we 


DA) 


N\ od 


ry 








Co 00 0O 0 OO Co 00 Cos s 
Hon nn 


“I 





©. 404 


- 428 
- 452 
»477 
- 502 


- 527 
» 553 
- 580 
. 606 
- 634 


. 661 
. 688 
717 
+745 
-774 


. 804 


a in | 


Hee He 


NNNNN NNN HH Hee He See ee ee | 


ppppy 





PP Ppe dh 


14-foot crest. 
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2-foot crest. 3-foot crest. | 4-foot crest. 
0. 817 I. 23 I. 
. 865 I. 31 I. 
- 914 I. 38 I. 
- 965 1. 46 I. 
I. 02 I. 53 2. 
I. 07 I. 61 2. 
I. 12 I. 69 4%. 
1. 18 $78 a. 3 
I. 23 1. 86 a 
1. 28 I. 94 2. 
I. 34 2. 02 2. 
I. 40 2.13 2. 
I. 45 2.20 2. 
I. 51 2. 28 . 
I. 57 2. 37 3: 
1. 63 2. 46 Se 
1. 69 2.55 3- 
2.35 2. 65 2 
1. 81 2.74 3- 
1. 88 2. 83 3: 
I. 94 2. 93 3 
2. 00 3. 03 4: 
2. 07 3.12 4 
2.13 3.44 a3 
2.20 3: 32 4: 
2. 26 3. 42 4. ' 
2. 33 3+ 52 4 
2. 40 3. 62 4. 
2. 46 3-73 4 
2. 53 3- 83 5: 
2. 60 3.94 5: 
2. 67 4. 04 5. 
2.74 4.15 5:5 
2. 81 4. 26 5: 
2. 88 4. 36 5: 
2. 96 4:47 6. 
3- 03 4. 58 6. 
3-10 4. 69 6. 
3-17 4. 81 6. 
3-25 4-92 6. 
3- 33 5. 03 6. 
3- 40 5.15 6. 
3. 48 5. 26 re 
3. 56 5. 38 9. 
3- 63 5-49 7: 
3-71 5. 61 7. 
3: 78 5-73 7: 
3. 86 5. 85 7. 
3-94 5-97 8. 
4. 02 6. 09 8. 
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TasLE II.—Discharges (in cubic feet per second) through rectangular weir notches—Con. 





t-foot crest. | 1%4-foot crest. | 2-foot crest. 3-foot crest. 4-foot crest. 
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TaBLE II.—Discharges (in cubic feet per second) through rectangular weir notches—Con, 





1-foot crest. | 134-foot crest. | 2-foot crest. 3-foot crest. 4-foot crest. 








Feet. 
I. 25 ki ’ 13. 14 17. 66 
1. 26 13. 30 17. 87 
2.27 13. 45 18. 07 
1. 28 13. 61 18. 28 
I. 29 13-77 18. 50 


30 - 93 18. 71 
b oe . 09 18. 92 
° 32 -24 19. 13 
+ 33 - 40 19. 34 
+ 34 - 56 19. 55 





*35 ~72 19. 77 
- 36 . 88 19. 98 
+ 37 Ors | . 04 20. 20 
- 38 20 20. 42 
- 39 | . 36 20. 


- 40 -' 9 20. 
- 41 . 69 21. 
- 42 . 85 ai. 
- 43 . 02 21. 
-44 . 19 


45 | . 34 
- 46 . §I 
47 | 88 
. 48 3 | . 85 
- 49 . OI 
. 50 | . 18 




















The discharges through a notch having a crest length of 0.5 foot did not 
follow the same law as those through larger notches. This was probably 
owing to the greater effect of friction in the smaller notch and to the inter- 
ference due to the end-contraction filaments of flow crossing each other 
in the middle of the notch section. The formula 


_ 1.526 I 
Q=1.593H 1+ gop) 


was found to give discharge values consistent with the curve plotted from 
experimental data for the 0.5-foot notch. The use of such a notch is 
very limited, and the go° triangular notch is as accurate and much more 
satisfactory. 


COMPARISON OF THE FRANCIS FORMULA AND THE NEW FoRMULA 


The discharge values obtained for rectangular notches by the Francis 
and the new formulas are shown in graphic form in figure 7 and in tabular 
form in Table III. 

27465°—16——2 
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The curves and Table III show that except for a small range of heads 
on the 4-foot notch the discharges computed by the Francis formula are 
too small. The actual discharges, however, where the head did not 
exceed one-third of the length of the crest, did not vary much from those 
computed by the Francis formula and support the statement of Francis 
that his formula would give discharge values correct to within 2 per cent, 
provided the head does not exceed one-third the length of the crest. 
Nevertheless the fact that the curves plotted from the experimental 
data have no sudden breaks or changes of direction shows that no limit 
need be placed upon the head, provided the proper formula is used to 
compute the discharge. It aiso shows that the necessity of the limit on 
the application of the Francis formula was due to the mathematical 
shortcoming of the formula and not to any peculiarity inherent in the 
rectangular notch. The new formula not only gives greater accuracy 
within the range of the Francis formula but also permits the accurate 
measurement of discharges with the heads exceeding one-third the length 
of the crest. The maximum limit of the ratio of the head to the crest 
length with the new formula has not been ascertained, the greatest ratio 
experimented with being 1 to 1 with the 1-foot notch. The parts of all 
the curves showing the discharges with higher heads, however, were 
quite consistent in all cases with the rest of the curves. A head of 1 foot 
was run over a 0.5-foot notch, but the results were inconclusive, as the 
discharges through the 0.5-foot notch do not follow the general formula. 

The new formula is more complicated than the Francis formula, but 
gives discharge values which are more accurate within the limits of these 
experiments, and since tables are generally consulted to determine the 
flow that is passing through a notch, the practical disadvantage of the 
new formula is largely overcome. If one is obliged to use a formula in 
the field for computing the discharge, an approximation usually is suffi- 
cient, and the Francis formula gives discharges sufficiently accurate for 
practical needs. 


STRAIGHT-LINE FORMULA 


As stated on page 1059, it was found, when the experimental data for 
the rectangular notches were plotted logarithmically, that a general 
straight-line formula could be deduced which, within the range of the 
experiments, would give discharge values as close to the plotted values 
as did the general formula deduced above. The equations for the straight 
lines best representing the discharges with the given heads through the 
different notches were found to be as shown in Table IV. 
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TABLE IV.—Equations for straight lines representing discharges through rectangular 
weir notches 





Length of crest.| Equations of line. 





Feet. 

I. 0055 
I. 5026 
2.0057 
2. 9970 
4. 0056 


.078LH}.43 
.106LH}!-45 
.125LH'.« 
.154LH}-47 
.172LH}-*3 
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Hu uo tl 
WWW W Ww 














The coefficient values (C) in the above equations were plotted 
(fig. 8) against the lengths of crests (L), and the exponent values 
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Fic. 8.—Curve showing relation of coefficients (C) to lengths of rectangular notches. 



































(n) were plotted (fig. 9) against the lengths of crests (L). Average 
straight lines drawn to represent the points were found to have the 
equations C = 3.078L"" and n= 1.46+0.003L. 

Substituting these values of C and m in the equation Q=CLH", the 
formula for the discharge through rectangular notches was found to be 


Q =— 3.08.L1-022 7] (1.46-+.008L) 


This formula gives discharge values that agree within a maximum of 
0.7 per cent with the values indicated on the curves plotted from the 
experimental data, but the average variation is only 0.26 per cent. 

Table V gives the discharges through the notches used, computed by 
the curve and by the straight-line formulas, also the values indicated on 
the curves plotted from the experimental data. 
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TaBLe V.—Discharges (in cubic feet per second) for rectangular notches as shown by 
curves plotted from experimental data, and discharges computed by curve and straight- nie 
formulas 





1.0055-foot notch. | 1.5026-foot notch. | 2.0057-foot notch. | 2.997-foot notch. | 4.0056-foot notch. 
3 q 
% 
rs a 


©. 443] ©. 440] O- » ©. 590 ©. 890} 0. 886 I. 194] 1. 189] 1. 190 
800) . 797 1.071] 1. 1.617] 1. 610} 2. 2. 163} 2. 161] 2. 162 

+ 220] I. 217 1. 635] 1. 2.461) 2.462) 2. 3+ 302] 3-304] 3-302 
+ 680} 1. 688 2. 268) 2. 3-411] 3-418) 3. 4 594] 4-589) 4. 585 
- 195 205 2.964) 2. 4: 474] 4-470] 4. 6. 013} 6. 004] 5-997 
+ 755] 2- 761 3: 716) 3. 5- 595] 5- 605) 5- 7 532) 7+ 533) 7+ 524 
+ 354] 3-357 4 519) 4. 6. 795] 6. 821 9-157] 9-171] 9.156 
- 988] 3. 987 5+ 369] 5. 8. 090} 8. 110} 8. 10. 9I0}10. 906/10. 892 
» 664) 4-650 8) 6. 265 9: 432] 9- 467] 9- 12. 706|12. 734/12. 720 
+ 370} 5-346 7-205) 7 10. 866}10. 893 78|14- 642|14. 656\14. 635 
- 133} 6. 068 8. 181) 8. 12. 356/12. 374/12. 16. 666/16. 653/16. 635 
6. 903] 6. 819 9. 196) 9. 13- 876/13. 918 





Straight - line 
formula 
Straight - line 
formula. 
Straight - line 
formula. 
Straight - line 
formula 
Straight - line 
formula. 














PKSOe DOHMH 
CVIOAMSeOOE HH 












































In locating the straight lines on the logarithmic plot, it was found that 
the points for the 1.0055-foot notch could be covered quite closely by 
three straight lines approximately equal in length. The same was 
approximately true of the points for the 1.5026-foot notch. Only two 
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Length of notch,in feet. 
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Exponent values of individual equations. 





Fic. 9.—Curve showing relation of n to length of rectangular notches, 


straight lines each, however, were required for the 2.0057-foot and 2.997- 
foot notches, although a third could be assumed near the upper part of 
the curves in each case. For the 4.0056-foot notch there was only one 
point of change, and it was well above the middle of the curve. These 
facts indicate that had large enough heads been run on the longer notches 
to give the same ratio of length of crest to head as was obtained with the 

















Mar. 6, 1916 Flow through Wetr Notches 1073 


‘ 





1-foot notch, an equal number of lines would have been required to cover 
the points. If a single straight line is taken to represent the discharge 
curve, and it is placed to represent best the discharges with the lower 
heads, as was done above, the part of the true discharge curve for the 
higher heads diverges rapidly from the straight line. The curve formula 
takes account of the law of variation of the discharge curves better than 
does the straight-line formula, and, consequently, it appears that it will 
give closer values for the higher heads and for longer notches than those 
experimented with. 

The straight-line equation for the 0.5-foot notch was found to be 
Q=1.566H*™™, 

This equation was found to give discharge values within approximately 
1 per cent of the values indicated on the curve plotted from the experi- 
mental data. 

CIPOLLETTI NOTCHES 


With notches having side slopes of one horizontal to four vertical, 219 
tests were made. The actual crest lengths used were 0.50062 foot, 1.0050 
feet, 1.5028 feet, 2.0002 feet, 3.0011 feet, and 4.0058 feet, respectively, 
and these lengths were used throughout the following calculations. 


DERIVATION OF THE FORMULA 


The difference between the areas of a Cipolletti and a rectangular notch 
with equal crest length is the area of a 28° 4’ (approximately) triangular 
notch—that is, one having one to four side slopes. It was found, however, 
that the discharges through such a notch (see Table X) with a given 
head did not exactly equal the difference between the discharges through 
a rectangular and a Cipolletti notch with equal crest lengths and the 
same head. While the differences between the discharges through the 
Cipolletti and rectangular notches increase with the head for all crest 
lengths, there was no regular increase or decrease in the differences in 
the discharges with increases in the crest lengths so long as the heads 
were less than approximately 0.8 foot, but for higher heads the differences 
in discharges decreased as the crest lengths increased. The comparison 
of the differences is very unreliable for heads as low as 0.2 or 0.3 foot. 
The discharges through the 28° 4’ notch are greater than the differences 
between the discharges of the Cipolletti and rectangular notches for 
all heads up to approximately 2.5 feet, the percentages of excess de- 
creasing with the increases in head and equaling zero with a head of 
approximately 2.5. 

The differences between the discharges through the rectangular and 
Cipolletti notches for each of the crest lengths were determined from the 
curves plotted from the experimental data and an average made for each 
0.1 foot of head. These averages were then plotted logarithmically 
against the head, and the equation of the curve representing the differ- 
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ence in discharge was found to be D=.609H?*. By adding the term 
.609H?* to the general formula for discharges through rectangular 
notches (page 1064), the general formula for discharges through Cipolletti 
notches was found to be 


66 
Q=3.247LH#— (SS°=>) 140, 609H? 


This formula gives discharge values for 1-, 114-, 2-, 3-, and 4-foot 
notches that agree within 0.5 per cent of the values indicated on the curves 
plotted from the experimental data, except for the lower heads on the 
1-foot notch, where the maximum discrepancy, owing to the small dis- 
charge, is approximately 134 per cent. The discrepancies are positive in 
some cases and negative in others. (See Table VII for discharge values 
indicated by the curves plotted from the experimental data and discharge 

. values computed by the formulas.) 

Table VI gives the discharge values for Cipolletti notches of different 

lengths computed by the new formula. 


TABLE VI.—Discharges (in cubic feet per second) through Cipolletti weir notches! 





1-foot crest. 1%4-foot crest. 2-foot crest. 3-foot crest. 4-foot crest. 





©. 30 . 0. 60 0. 90 
+ 32 . - 64 +97 
35 . - 69 04 
37 ° +74 aes 
- 39 . °79 - 18 


frre 


«42 Pe - 84 +25 
+45 . - 89 + 33 
47 . 94 - 40 
+50 . +99 - 48 
53 . + 04 - 56 


SH eH eH eH 
ss oe 


- 56 “ - 10 - 64 
- 59 . -15 73 
- Or ° +21 . 81 
- 64 ° ~ 27 . 89 
- 67 . + 32 - 98 


err? 


. 38 07 
, .16 
. 50 -25 
+ 34 
- 43 


- 53 
. 62 


ey 
. 81 
% - Or 


1 Computed by the formula Q=3.247 LH!-#— (% seeks) H-9+.0.609H?-6 
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TABLE VI.—Discharges (in cubic feet per second) through Cipolletti weir notches—Con. 
Head. 1-foot crest. 134-foot crest. 2-foot crest. 3-foot crest. 4-foot crest. 
Feet. Inches. 

©. 45 53% I. 04 I. 53 2.02 3. OL 4. OI 
- 46 5% 1. 07 1. 58 2. 09 ga 4.14 
°47 55% % 32 1. 63 2. 16 3. 21 4. 28 
. 48 53% I. 15 1. 68 2. 23 3- 32 4. 41 
+49 54 1. 18 I. 74 2. 30 3-42 4-55 
+50 6 I. 22 I. 79 2. 37 3. 53 4. 69 
51 6% 1. 26 1. 85 2. 44 3- 64 4. 83 
52 6% I. 30 I. 90 2. 51 3. 74 4-97 
5a 63% I. 34 I. 96 2.59 3. 85 5-12 
54 6% 1. 38 2. 02 2. 66 3. 96 5. 26 
«58 654 I. 42 2.07 2.74 4.07 5. 41 
- 56 634 1. 46 2. 13 2. 81 4.18 5. 56 
-57 ett I. 50 2.19 2. 89 4-30 5-92 
58 I. 54 2.25 2.97 4-41 5. 86 
- 59 Its 1. 58 2. 31 3. 05 4. 53 6. or 
. 60 115 1. 62 2. 37 3 13 4. 64 6.17 
. 61 Tbs 1. 67 2. 43 3-20 4. 76 6. 32 
. 62 I 1.71 2. 49 3. 28 4. 88 6. 47 
- 63 718 I. 75 2. 55 3- 37 5-00 6. 63 
- 64 714 1. 80 2. 62 3-45 5-12 6.79 
. 65 74 1. 84 2. 68 3 53 5. 24 6.95 
- 66 7+ 1. 89 2.75 3. 61 5. 36 7.11 
wiz 85 I. 93 2. 81 3-70 5. 48 7.28 
. 68 835 1. 98 2. 87 3-79 5. 61 7.44 
- 69 8% 2. 02 2. 94 3. 87 5- 73 7. 61 
+70 834 2.07 3. OF 3-95 5. 86 7-77 
092 8% 2.12 3-07 4. 04 5. 98 7-94 
9a 85% 2. 16 3.14 4.13 6. 11 8. 11 
93 834 2. 21 3. 21 4. 22 6. 24 8. 28 
-74 8% 2. 26 3. 28 4. 31 6. 38 8. 45 
°75 9 2. 31 3-35 4. 40 6. 51 8. 62 
- 76 9% 2. 36 3. 42 4. 49 6. 64 8. 80 
-77 9% 2. 41 3-49 4. 58 6.77 8.97 
78 934 2. 46 3. 56 4. 67 6. 90 9. 15 
79 9% 2. 51 3- 63 4-76 7-04 9- 33 
. 80 95% 2. 56 3. 70 4.85 7.18 9. 51 
» 81 9% 2. 61 3-77 4-95 7-31 9. 69 
. 82 of 2. 66 3- 84 5. 04 7-45 9. 87 
- 83 9 2.71 3-92 5. 14 7.59 10. 05 
- 84 10y5 2.77 3-99 5+ 23 7-73 10. 23 
85 10;'5 2. 82 4.07 5: 33 9.87 10. 42 
. 86 toys 2. 87 4.14 5. 43 8. or 10. 60 
. 87 10yg 2. 93 4. 22 5. §2 8.15 10. 79 
. 88 105 2. 98 4. 29 5. 62 8. 30 10. 98 
. 89 rot} 3. 04 4: 37 5.72 8. 44 11.17 
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TaBLE VI.—Discharges (in cubic feet per second) through Cipolletti weir 


notches—Con, 





Head. 


1-foot crest. 


1%4-foot crest. 


2-foot crest. 
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TABLE VI.—Discharges (in cubic feet per second) through Cipolletti weir notches—Con. 





| 


1-foot crest. | 1%4-foot crest. | 2-foot crest. 3-foot crest. | 4-foot crest. 








16. or 21. 06 
16. 19 21. 29 
16. 37 21. 53 
16. 56 21. 78 
16.75 22. 02 


16. 94 22. 27 
17. 13 22. 51 
17. 32 22.75 
17. 51 23. 00 
17.70 23.25 





17. 89 23. 50 
18. 08 23. 75 
18. 28 24. 00 
18. 47 24. 25 
18. 66 24. 50 
18. 85 24.75 




















The discharges through the Cipolletti notch, having a nominal crest 
length of 0.5 foot, did not follow the same law as those through the longer 
notches, possibly for the reasons noted on page 1067 for the 0.5-foot rec- 
tangular notch, and the use of such notches should be discouraged in 
favor of the 90° triangular notch, which measures small discharges more 
accurately. 

The following formula represents the flow through the 0.5-foot Cipol- 
letti notch, but is stated here only for technical reasons: 


O= 1.593H-80( I + gogyrs P-587H™ 


COMPARISON OF THE CIPOLLETTI FORMULA AND THE NEW FORMULA 


The discharge values computed by the Cipolletti and new formulas 
are shown in graphic form in figure 10 and in tabular form in Table VII. 
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The curves and the table show that with heads less than one-third 
the length of the crest the Cipolletti formula gives discharge values within 
1.5 per cent of the actual discharges, therefore being somewhat more 
accurate than the Francis formula. The new formula, like the new 
formula for the rectangular weir, is not only more nearly accurate than 
the old formula, but also permits the use of heads greater than one-third 
the crest length. The maximum limit of the ratio of the head to the crest 
length was not ascertained, but the parts of the curves for the higher heads 
are consistent, there being no sudden breaks or changes of direction. 

The new formula is more complicated than the Cipolletti formula, but 
because of its greater degree of accuracy it should be used in computing 
tables. The Cipolletti formula, however, is sufficiently accurate for field 
computations where only approximate discharge values are required. 

Cipolletti notches do not give discharges proportional to the lengths 
of the crest, as has been commonly claimed, and consequently notches 
of this type have no advantages over rectangular notches (see p. 1098). 


ForRMULA BASED ON THE STRAIGHT-LINE FORMULA FOR RECTANGULAR NOTCHES 


The difference between the discharges computed by the new rectangular- 
notch formula and the discharges taken from the curves plotted from the 
experimental data for the Cipolletti notches were determined for each 
o.1 foot of head for the several lengths of notches. These values were 
then plotted logarithmically against the heads, and the equation of the 
average straight line representing the difference in discharge was found 
to be D=.6H**, By adding the term 0.6H?* to the general formula 
for discharges through rectangular notches (p. 1071), the general formula 
for discharges through Cipolletti notches was found to be 


O= 3.08112 F] (1-40+0.0081) + 6 6 772.8 


This formula gives discharge values that agree within a maximum of 
1 per cent of the values indicated on the curves plotted from the experi- 
mental data, but the agreement is within 0.5 per cent for all but a very 
few points. 

Table VIII gives the discharges through the notches used, computed 
by the two formulas deduced for the Cipolletti notches, and the dis- 
charge values indicated on the curves plotted from the experimental 
data. 
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TABLE VIII.—Discharges (in cubic feet per second) for Cipolletti weir notches as shown 
by curves plotted from experimental data, and discharges computed by formulas on 
pages 1074 and 1080 
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+9] 3+ IIT] 3.11 | 3-111) 4-462] 4.46 | 4.458) 5.815) 5.82 | 5.831) 8. 576) 8.59 | 8. 557/11. 392) 11. 38) 11. 348 
1.0} 3-695) 3-69 | 3-697) 5-261/ 5.26 5.270] 6.845) 6.86 | 6. 873/10. 078/10. 08 |10. 057/13. 376) 13- 34/13- 320 
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The differences between the discharges through the 0.5-foot Cipolletti 
notch obtained from the curves plotted from the experimental data and 
the discharges computed by the formula for the 0.5-foot rectangular 
notch were determined and plotted logarithmically against the heads. 
The straight line representing these differences has the equation 
D=0.56H**. By adding the term 0.56H?*® to the formula for the dis- 
charge through the o.5-foot rectangular notch, the formula for the dis- 
charge through a 0.5-foot Cipolletti notch becomes 


O=1.566H'™™ + 0.56H* 
NOTCHES WITH SIDE SLOPES OF I TO 3 AND I TO 6 


Experiments were made with notches having crest lengths of 2 feet 
and side slopes of 1 to 3 and 1 to 6, respectively. Since notches of only 
one length were used in each set of experiments, no general equations 
were deduced for notches of these types. The discharges obtained in 
the experiments for heads over 0.4 foot are shown graphically in figure 
11. Discharges with heads less than 0.4 foot are approximately the 
same as those given in Tables II and VI. 
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TRIANGULAR NOTCHES 


General theoretical formulas have been given for triangular notches 
(7, p. 46; 8, p. 168), and experiments with a 90° notch have been made 
by Thomson? (12, p. 181; 13, p. 154) and Barr. In the Fort Col- 
lins laboratory 98 tests were made with heads ranging from 0.2 foot to 
1.35 feet on weirs having triangular notches of 120°, 90°, 60°, 30° and 
approximately 28° 4’. The side slopes for the last-named notch are 1 
horizontal to 4 vertical, and the tests were made with the idea that they 
might be of use in deriving a formula for discharges through Cipolletti 
notches. 

DERIVATION OF FORMULAS 

The discharges through the different notches when plotted logarith- 
mically gave straight lines, as shown in figure 12. The equations for 
these lines were found to be as shown in Table IX. 


TABLE [X.—Equations for straight lines representing discharges through triangular 








notches 

| — 
| Neth — of 
| Note sides, ee om 

angle. | horizontal Equation of line. 
| vertical. 
| 120° | 1.732 | O=4.400H?-4870 
| go° | 1,000 O=2.487 H?-195 
| 60° | .577 | O=1.446H?-4% 
| 30° | . 268 O=o. 6848H?-4476 
| 28°4/4 | .250 | O=0.6405H?-*48 





@Approximate, 


The discharging streams had a free fall in all the tests except those for 
the 120° notch. The upper portion of the stream over the 120° notch 
adhered to the edge of the notch for a distance of approximately o.1 
foot, the distance being quite uniform for all heads. The sides and crest 
of the notch used were of brass one-fourth inch thick, and were dressed 
at an angle of about 45° to a thickness of about one thirty-second inch 
at the edge. As the amount of adherence of nappe for the 120° notch 
depends upon the thickness of the edges of the notch, the use of such a 
notch is impracticable. 

The data for the 120° notch having been excluded, the general formula 
for the discharge through the triangular notches of 28° 4’ to 90° was 
found to be 

5 o-or98)) 


O = (0.025 + 2.462 S) H( Sv 





1 The formula derived by Thomson for the 90° notch was Q=0.30sH” 2 in which Q is in cubic feet per 
minute and H is in inches. 
2 Barr found that with heads of 2 to 10 inches the coefficient C in Thomson’s formula (Q=CH"!*) varied 
from .3104 to .2995. Strickland found that Barr’s coefficient C for any head could be computed from the 
.028 i 
a h being in inches. 
27465°—16——3 


formula C=o0.2907+ 
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in which Q is the discharge in cubic feet per second, S is the slope of the 
sides, expressed decimally, and H is the head in feet. 
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No experiments were made with notches between go° and 120°, but a 
study of the working of the 120° notch led to the conclusion that the 





Mar. 6, 1916 Flow through Weir Notches 1085 





application of the general formula given above can be extended to 
notches having side slopes of 1 to 1.4 (109° approximately). 

Table X, computed by the new general formula, gives the discharges 
through notches of different shapes with heads up to 1.25 feet. 


TABLE X.—Discharges (in cubic feet per second) for triangular weir notches ' 


— ca | : l 
Head. | Notch angle 28° 4’.| Notch angle 30°. | Notch angle 60°. | Notch angle 90°. 
= — 


| 
| 
| 
| 





Inches. 
O. O13 ©. 027 0. 046 
. O15 ‘ +052 
- O17 + 034 058 
- 038 - 065 
. O21 . +072 


No HH ND 
NSW NOT No 


bw 
BA BD c0\ 


. 080 
. 088 
- 096 
- 105 
- 115 


WWwWWwWww 
Net Noo Net Qs 
Woarwron 


| 5 : ‘ . - 125 
- 136 
+147 
¢ 159 
049 ; -I71 


- 052 ° . 184 
. 056 +197 
. 060 . +211 
064 .225 
068 + 240 


-073 ; - 256 
-077 ‘ -272 
-077 - 082 ° . 289 
. o81 . 087 « - 306 
. 086 + 092 


- OO! . 097 
- 096 - 102 ‘ - 362 
- IOI - 108 . 224 - 382 
- 106 +114 236 
- 112 -120 . 248 


(2 Sr \ et Noo 
CoN BN CON. 


a 


WN 
oo, 


. 118 . 126 . 261 
« 323 - 132 - 274 
- 129 - 138 . 287 
- 136 +145 + 301 
- 142 - 152 + 315 


ee 


DADAD nunmnwn 


VR Oe 
DN, cd\A\ 00, 


. 148 - 159 » 330 
- 255 - 166 + 345 
- 162 -173 - 360 
. 169 . 181 - 376 
. 176 . 188 - 392 

















0.0195 
1 Computed by the formula Q=(0.025+2.462S)H (25°32 ) 
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TaBLeE X.—Discharges (in cubic feet 
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Notch angle 28° 4’. 


o. 184 
. IQI 
- 199 
+ 207 
Re 


+223 
. 232 
241 
250 
+ 259 


. 268 
+277 
. 287 
+ 297 
+ 307 


317 
+ 327 
+ 338 
+ 349 
+ 360 


- 371 








Notch angle 30°. 


per second) for triangular weir notches—Continued 





Notch angle 60°. 





©. 196 
. 204 
» 212 
© 221 
+230 


+ 239 
- 248 
. 257 
. 266 
- 276 


«286 
- 296 
+ 306 
+317 
«328 


+ 339 
35° 
- 361 
373 
385 


- 397 
+ 409 
- 421 

434 
- 447 


- 460 
+ 473 
- 487 
+ 501 
* 515 


+ $29 
- 544 
- 558 
- 573 
- 589 


- 604 
- 620 
- 636 
- 652 
- 668 


- 685 
- 702 
- 719 
- 736 
- 754 
-772 
- 790 
. 808 


. 827 
- 846 








Notch angle 90°. 
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TABLE X.—Discharges (in cubic feet per second) for triangular weir notches—Con. 








- A pr a = 4 
Head. Notch angle 28° 4 | Notch angle 30°. | Notch angle 60°. | Notch angle 90°. 
| 


. 865 . 83 
. 884 . 87 
- 904 
- 924 - 96 
- 944 . 00 
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Although weirs with triangular notches are well suited to a compara- 
tively wide range of discharges, they are especially well adapted for the 


measurement of small discharges and may be used to measure accu- 
rately quantities so small that they would not pass through trapezoidal 
or rectangular notches without adhering to the crests. The use of weirs 
with triangular notches requires slightly more fall than is required with 
trapezoidal or rectangular notches—that is, a head of 2 feet is required 
to deliver approximately 14 cubic feet per second through a go° triangular 
notch, while the same discharge would be delivered through a 3-foot 
rectangular notch with a head of 1.31 feet, or through a 4-foot rectangu- 
lar notch with a head of 1.07 feet. 

Weirs with 90° notches are simpler in construction than any other 
type of weir and are the most practical type for small or medium-sized 
discharges. The approximate formula Q=2.49H?* gives discharge 
values for 90° notches, which agree very closely with the values obtained 
with the general formula. 
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CoMPARISON OF NEW ForMULA AND OLD FORMULA 


The discharges for the 90° notch computed by the new and the old 
formulas are compared in Table XI: 


TABLE XI.—Comparison of new formula and old formula 





Discharge computed by old 
: formula, Q= 2.53H®'2, 
Discharge 
computed by 
new formula 
(cubic feet per | Discharge in 
second). cubic feet per 
second. 





Percentage of 
discharge com- 
puted by new 

formula. 





. 046 0. 045 
133 - 159 . 158 
- §0 +445 + 447 
. 67 +921 + 930 
. 85 1. 66 . 69 
I. 00 2. 49 - 53 
I. 25 4 33 - 42 

















As no experiments have been made in the past to determine the coeffi- 
cients in general formulas for notches of 28° 4’, 30°, or 60°, no compari- 
son could be made with the discharges through such notches computed 
with the new formula. 


CIRCULAR NOTCHES 


Apparently no experiments have ever been made with circular or semi- 
circular notches placed in a vertical position with heads less than the 
height of the opening. In order to throw light upon the probable dis- 
charges through such notches and obtain data to use in determining the 
flow through circular head gates when acting as weirs rather than as 
orifices, 50 tests were made with thin-edged circular notches, 17 being 
with a notch 0.4995 foot in diameter and 33 with a notch 1.0025 feet in 
diameter; and 34 tests were made with semicircular notches, 15 being 
with a notch 1.5011 feet in diameter and 19 with a notch 1.9990 feet in 
diameter. The discharge data obtained are shown graphically in 
figure 13. 


CONDITIONS OF NOTCH EDGES REQUIRED TO INSURE FREE FLOW 


The impression is common that the terms “thin edges” and “sharp 
crests,’’ as applied to weir notches, mean knife edges. Such edges are not 
necessary, and the edges are sufficiently sharp or thin if the upstream 
corner of the notch edges is a distinct angle of 90° or less and the thick- 
ness of the notch edges is not so great that the water will adhere to them. 
The allowable thickness of the edges depends upon the head that is being 
used. Experiments made in the laboratory with notches having edges 
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Y% inch thick showed that while water would adhere to the notch edges 
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Fic. 13.—Curves showing discharges through circular weir notches. 


> Ss ©. 
(a2ytuo jo 94pU99 UO you) Yy ofou jo WoHoq uo fo2j Ul poo 


with a head of 0.15 foot, there was no adherence with heads of 0.2 foot 
and over. 
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Notches with angles made as precisely as those used in the test would 
not be practicable for field use, and consequently a maximum thickness 
of % inch probably would be safer than 14 inch where heads as low as 
0.2 foot will be used. While no experiments were made, edges as thick 
as % inch probably can be used where the minimum head will be 1 foot. 

The edges of the weir notches must be straight, true, and rigid. These 
conditions are best insured by using angle irons or similar material that 
can be securely fastened to the bulkheads, as wood edges become splin- 
tered and warped, and thin sheet-metal weir plates buckle and bend 
easily. Regardless of the material used, the notches will be more 
permanent and reliable if the upstream corners of the notches are made 
definitely angular and the edges are left as thick as possible and still 
permit a free flow. 


DISTANCE FROM NOTCH AT WHICH HEAD SHOULD BE MEASURED 


In connection with the experiments with notches of different types, 
measurements were made to determine the transverse and longitudinal 
curves of the water surface upstream from the weirs when different heads 
were being used. These measurements showed that the extent of the 
curves backward from and to the sides of the notches depends upon the 
length of the crest and the head being used. Plots of the data obtained 
show that measurements of head should be made either at a distance of 
at least 4H upstream from the notch or at a distance of at least 2H side- 
wise from the end of the crest of the notch. 

Table XII gives the errors and the percentage of error made in com- 
puting discharges for notches of different shapes and sizes with different 
heads caused by errors of 0.01 foot in reading the heads. 


TABLE XII.—Errors and percenigge of error in computed discharges caused by 0.01-foot 
error in reading the heads 


RECTANGULAR WEIRS 


Error. 
Correct | 
head. | ] 


| 
1-foot crest. 1%-foot crest. | 2-foot crest. 3-foot crest. 4-foot crest. 











Cu. ft. Cu. ft. | Cu.ft. | | Cu. ft. | ig Cu. ft. 
per sec. ct. | per sec. cl.| per sec. | Perct.| per sec. | Perct.| per sec. 
©. 021 2 0. 033 9-5 0. 044 48 | 0. 067 | -55 0. 09 
+026 . +04 . +05 | 67 . 97 +1I0 
+05 . 06 | 66 +12 
+05 . +07 
+05 6 +07 
-06 . +O7 
+06 . +08 


08 | 
+09 
+10 
+II 
+12 
+12 
+13 
+14 
+14 
+15 


| 
| 
| 
| 
} 


92 +14 | 
46 14} 
14 +16 | 
76 +17 | 
60 «18 | 
48 +19 
28 +19 | 
aI +20 
+16 15 22 | 
+16 03 +22 | 
+16 +93 +23 | 
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TABLE XII.—Errors and percentage of error in computed discharges caused by 0.o1-foot 
error in reading the heads—Continued 


CIPOLLETTI WEIRS 


Error. 
Correct 
head. 





1-foot crest. 1}4-foot crest. 2-foot crest. 3-foot crest. 4-foot crest. 








| 
| Cu. ft. | Cu. ft. Cu. ft. Cu. ft. | Cu. ft. | 
| persec. | Per ct.| per sec. ber sec. | Per ct.| per sec. | Perct.| per sec. | Per ct. 
0. 022 | ©. 034 } ©. 045 S$ | o. 068 7-6 0-09 | vi 
+ O41 | +055 +082 5- +I} 5 
+05 +07 +09 ° +12 | 3 
+05 +07 -II 3-1] +14 3 
+06 +08 +12 2-6 | +15 | 
+07 +09 +13 2. «17 | 2 
+09 +14 . -18 I 
+10 +15 : +19 | I 
+15 Ts +20 | I. 
I 
I 


| 7 
+028 | 5 
| +034| 3 
| +04 3. 
2 
2 
2 
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Qooruwd ow 


°17 s -2t | 
+17 of +22 | 
-18 . 24 | 
+19 
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EFFECTS OF DIFFERENT END AND BOTTOM CONTRACTIONS UPON 
DISCHARGES 


RECTANGULAR AND CIPOLLETTI NOTCHES 


To determine the effect of different end and bottom contractions 
upon the discharges through rectangular and Cipolletti notches, 120 
tests were made with 1-foot rectangular notches, 72 with 3-foot rectan- 
gular notches, 205 with 1-foot Cipolletti notches, and 89 with 3-foot 
Cipolletti notches. Heads of 0.2 foot, 0.6 foot, and 1 foot were used with 
each notch. The end contractions (the distances of the sides of the 
weir box from the ends of the crest) and the bottom contraction (the 
distance of the bottom of the weir box below the crest of the notch) 
for each notch were varied from 0.5 foot to 3 feet by increments of 0.5 
foot. The discharges under the different conditions were compared 
with those obtained with the standard weir box. ‘The small error in the 
experimental determinations of the discharges with a o0.2-foot head 
caused such large percentages of error in the discharges that they were 
unreliable and so were not included. 

Figures 14 and 15 and Tables XIII and XIV show the percentages of 
increase in discharges and the velocities of approach with heads of 0.6 
foot and 1 foot under the different conditions of contractions. The 
equations of the curve are all of the general form, e=a(V +5)*, in which e 
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Fic. 14.—Curves showing effect of different end and bottom contractions upon discharges through 1-foot 


and 3-foot rectangular notches with heads of 0.6 and 1 foot. Full lines show end contractions; dot-dash 
lines show side contractions. 
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Fic. 15.—Curves showing the effect of different end and bottom contractions upon the discharges through 
1-foot and 3-foot Cipolletti weir notches with heads of 0.6 and 1 foot. Full lines show end contractions 
in feet; dot-dash lines show bottom contractions in feet. 
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is the percentage of increase in discharge, V is the average velocity of 
nd a, b, and » are constants for each size of each type of 


approach, 

notch. 

TaBLE XIII.—Velocities of approach (in feet per second) and percentages of increase 
in discharges through rectangular notches caused by different end and bottom contrac- 


tions 
HEAD, 0.6 FOOT 
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TABLE XIV.—Velocities of approach (in feet per second) and percentages of increase in 
discharges through Cipollettt notches caused by different bottom and end contractions 


HEAD, 0.6 FOOT 
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Figure 16 shows the variation of the percentages of increase in the 
discharges through a 1-foot rectangular notch, with heads of 0.6 foot and 
1 foot as the ratio of the cross-sectional area of the weir box (A) to the 
area of the weir notch (a), decreased with the use of different end 
and bottom contractions. From these curves it will be seen that chang- 
ing the position of the sides of the weir box and leaving the bottom in a 
fixed position has a greater effect upon the discharges than leaving the 
sides fixed and moving the bottom. This indicates that end contractions 
have more effect upon the discharges than do bottom contractions. 
With end contractions equal to 2H and a bottom contraction equal to 
3H, or end contractions equal to 3H and a bottom contraction equal to 
2H, the mean velocities of approach are about one-third foot per second 
and the discharges with medium to high heads do not agree closer than 
approximately 1 per cent with the discharges computed by the formula. 
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Fic. 16.—Curves showing the effect of different ratios of cross-sectional area of the weir box (A) to the area 
of the notch (a) upon discharges through a 1-foot rectangular notch with heads of 0.6 foot and 1 foot. 
Full lines show bottom contractions in feet; dot-dash lines show end contractions in feet. 
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This indicates that a mean velocity of one-third foot per second is allow- 
able where an error of 1 per cent in discharge is permissible. 

By superimposing upon the similar curves for Cipolletti notches the 
curves showing the effect of different end and bottom contractions upon 
the discharges through rectangular notches, it was found that the end- 
contraction distances for Cipolletti notches should be taken from about 
the middle point of the side of the notch instead of from the end of the 
crest, in order to make the results of the two types of notches comparable. 

Since the minimum bottom and end contractions possible without 
increasing the discharges beyond an allowable limit increase with the 
increase of the head run, weir boxes should be designed so as to give 
discharges within the allowable limit when the highest head intended 
to be 1un over the notch is being run. Francis stated (5, p. 72 and 134): 

In order that the end contraction may be complete, the sill and sides of the weir 
must be so far removed from the bottom and lateral sides of the reservoir (weir box) 
that they may produce no more effect upon the discharge than if they were removed 
a distance infinitely great. 

He concludes from his experiments than an end contraction of 1H 
and a bottom contraction of 2H are the least permissible in order that his 
formula may apply. 

Smith (10, p. 120) gave the necessary end contractions as 3H. He 
also suggested (p. 122) that the effect of contraction should not be con- 
fused with the effect of velocity of approach, which is so commonly done 
in taking the term “complete contraction” to include both the effect 
of contraction and the velocity of approach. Cipolletti (3, p. 23-24) 
accepted the results of the Francis experiments for end and bottom 
contractions. He also quotes a rule deduced by Lesbros from results of 
his (Lesbros’s) experiments, that both contractions should be at least 2.7 
times the depth of the nappe. Cipolletti (3), from the experiments of 
Francis (5), deduced the following: (1) When the end contractions 
equal 2H and the bottom contraction 3H, the bottom and side walls no 
longer have any appreciable effect upon the discharges through the notch. 
This condition, he states, may cause an increase of about 0.15 per cent 
in the discharge. (2) With end contractions of 1.5H and a bottom 
contraction of 2.5H the increase in discharge would be about 0.5 per cent. 
(3) With end contractions of 1H and a bottom contraction of 2H the 
discharges will be increased about 1 per cent. He also takes account of 
the fact that the velocity of approach must not exceed a certain limit. 

The ratio of the cross-sectional area of the weir box to the cross- 
sectional area of the notch necessary for complete contraction has been 
given by Carpenter (2, p. 29) as 7. The coefficient using this expression 
of ratio was proposed by J. Weisbach in 1845 and has been elaborated 
upon by a number of writers and experimenters (6, p. 312). Figure 16 
indicates that there is no fixed value of the ratio A to a which will insure 
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complete contraction in all cases. It also indicates that the value of 
such ratio should be greater than 7 in all cases, and that 15 probably 
would come nearer than 7 to meeting average conditions. 


EFFECT OF SUPPRESSING BOTTOM CONTRACTIONS WITH A go° TRIAN- 
GULAR NOTCH 


In order to throw more light upon the question of the effect of bottom 
contractions upon discharges through triangular notches (9, p. 114-116) 
experiments were made with a go° triangular notch with the floor of 
the weir box at the same level as the vertex of the notch. The width of 
the weir box used was 1o feet, being the same as that in the standard 
test with complete contractions, but in the standard test the floor was 
about 41% feet below the vertex of the notch. The discharges through the 
90° triangular notch with the bottom contraction entirely suppressed 
was found to be represented by the formula Q= 2.53H?**, which varies 
but little from Thomson’s formula for the flow through a go° triangular 
notch having complete bottom contractions. It is probable that some 
part of the increased discharge obtained when the floor was level with the 
vertex of the notch was due to the increased velocity of approach. The 
increase in the discharges amounted to 1.6 per cent with a head of 1 foot, 
but gradually diminished as the head was decreased. The percentage 
of increase with heads of 0.3 foot or over is represented by the formula 
E=101.6H**® — roo. 


RELATION OF LENGTHS OF NOTCHES TO DISCHARGES 


The principal advantage claimed in irrigation practice for Cipolletti 
notches over other notches has been that the discharges are proportional 
to the crest lengths. This claim is not in accordance with the limitation 
put on the notch by Francis and Cipolletti, but has been very generally 
made in irrigation practice. The failure of this theory is shown in 
Table XV, in which the discharges through Cipolletti and rectangular 
notches of different lengths are compared with the discharges through a 
1-foot Cipolletti and a 1-foot rectangular notch, multiplied by the number 
of feet in length of the notches. The percentages in the table represent 
the failure of the larger notches to give discharges proportional to their 
lengths. It will be seen from the table that rectangular notches give 
discharges which are more nearly proportional to their lengths than do 
Cipolletti notches. The percentages of error increase with the head and 
length of the crest until the discharge through a 4-foot Cipolletti notch 
with a 1-foot head is 9.2 per cent less than four times the flow through 
a 1-foot notch with a 1-foot head, and the discharge through a 4-foot 
rectangular notch is 4 per cent greater than 4 times the discharge through 
a 1-foot rectangular notch with a 1-foot head. Side slopes of 1 to 4 are 
therefore too flat and vertical sides are too steep to give discharges 
proportional to the length of the crest. 














O 
S 


Flow through Weir Notches 


Mar. 6, 1916 


























z-6— ove -1— 899 ‘Hr 
z-g— 6001 — got er 
r°L— 6zL* — gtz -or 
1*9— vos: — glz-g 
o-s— gzft> — z6r-9 
o-v— t6r° — beg -¥ 
o-f— for- — vor -¢ 
g*I— ovo — gree 
v-r— fzo- — 769 °I 
g°o— O10 °o— gor *z 
ov ver: ete er 
gt S6¢- 96 -or 
9° grt: obg-g 
ve gz: glz-L 
ze ver z1g°s 
6-z 11° zsv-v 
9°t £go° giz-e 
v-z oSo- Bore 
1°t vto- gIQg°I 
oe £z0-o vor'r 
*yus9 |. *qo}0u 
ied aw, 300}-1 
y3noiq3 
~~} a8ieyo 
‘onalagId sIpx ¥ 
“38919 3O0}j-¥ 





Scf-etr 
6SE-rr 
Los *6 
ell-L 
99t'9 
169 °¥ 
Igf-f 
QRIe 
699 °I 
Q6r*r 


oiler 
16g *or 
gS1°6 
zeS-L 
966 °S 
£gs-v 
66z °£ 
gsrz 
oSg*r 
fgr°r 


*a31eyo 
sd 



















































































€-gs— | or6*° — | 100-'z $go-or S-o— | glr- — PEEL 9S8°9 S-+— | 6he- — | oos-s 1Sz-s L99°f o0°r 
v-L— o69° — | 9lz-6 985 “8 6-S— | zt — tgr-9 erg+S 1-v— o6r- — sto-h grrr z60-f 06: 
S$ -o— oos+ — Llo-L £L1-L r*-S— | fgz* — girs SSg-b 9°f— gfr- — gtg-f ool -f 6SS +z og: 
9°sS— gve> — Lot-9 Tog °S v-p— | fgre — gtr S$s6-°¢ 1°e— L60* — for -f goof 690° ole 
Q‘+v— Szz* — 693 °°? troy £°f— | ozre — ove -f gzr-e 9°*t— £go* — ver-c 1L¢-e fzg°r og° 
£-t— tfr- — £99 °f 6zS -¢ 6°t— | elor — zhy-e OLE +e 1*t— gtor — 1fg-r £64 °1 Iee-r os- 
g*t— zlo- — gOS -z gzS-e €-z— | ofor — cel-r 769 °r l-I— tzo* — 662 *1 Lle-r 998° or: 
L-1— 6zo* — 1lg°t chor v-r— | g1Io* — vIrer g60°r I‘rI— 600° — Stg- 973° Lss- of: 
¢-1— L1o- — eer cSe-r e-1I— | o10* — org: 9fg° 6- — goo — vEg- gz9° fcr- Se- 
6-o— goo -O— 906-0 g6g°o g°o— | Soo-o— tog °o 665 -o L-o— foo -o— fsv-o osv-o zof-o or-’o 
SHHOLON ILLLATIOdID 
ncaa ) _ a ST or 
€-¢ zot- $L1-°6 9Lv 6 1*t 1f1- gII‘’9 Lez-9 -r SSo- Legs -b thoy gSo-e 0O°r 
re grz- elg-L gIr-g o-e gor: gbz-s vSE-s Se tro- 9f6-f og6 fe | Pzg-z 06° 
| o-¢e g6I° of9-9 873°9 6-1 Qgo° ocr + gos -¥ I-r gfo- S1f-¢ 1s¢-f | OIt te | Og: 
g°e vSr1- LSv-S 119°S g°r Lgo- gto-f Sol -€ ovr Lzo- 6zL +z gSL-e | 6rg-r | ol- 
9°% S11- 6st -v vLy-y “L°r oso- 906 *z gS6-z o'r 1zo* Ogi’ 10z te | £Ssv-r | O9° 
S-c zgo- 6te-¢ chee 9°r gto- grr ze wget s° vIo- olg°r ¥gg°r | €rxr-r | os: 
we zSo- ziv-z vor-c $-r vzo- 909 °I ofg*r Le goo gor -r viz-r | vog- | Ob: 
o-z 1f0- 1gS zr ZIQ*I £4 viIo- vSo-r gge°r g° goo o6L- 96L- | LeS- | of 
“cr 1zo- zwic’r fer I°r 600° BOR’ LIg° a° £00* ge9* 609° vor: | Se- 
9°I v10°o £Lg°o Leg-o o'r goo-o zgs +o ggs -o $-o z00 *O Lev-o 6fP « | 16z°o | oz-o 
"4907 
| | 
*yUI99 -yunoury “9700 *zu20 ‘yunoury “qo}00 *yu9 -yunoury *yp}ou 
Jad OO}-1 P leq }00}-1 ‘ Jad 300}-1 5 Sw 
qysno1y} as1eyo qysnosyy asseq9 ysnoiq} asrey> | “asreqo 
asieyo Id asirey sa —| aszeqo ta | a 
“aouaJagId “sIpX £ ‘aoualagId SIPX © ‘souaiagiq =| “SIPX 1 | “proH 
| 
| 
*4S919 3O0}-£ “S219 OOj-2 *3S9ID JOO}-S*1 | oe 
38319 JOO} 3 300} ceca aa yoop-t | 
| 








SHHOLON AW INONV LOA 


saram fo (puoras sad yaaf nqna ur) absvyrstp 03 yzbum fo uoymjay— AK A IAV, 








27465°—16——4 


1100 Journal of Agricultural Research Vol. V, No. 23 





For the purpose of throwing light upon what would be the probable 
shape of a type of notch the discharges through which, with the given 
head, would be proportional to the crest length, the data obtained for 
the 2-foot rectangular, the 2-foot Cipolletti, and the 2-foot trapezoidal 


‘adojs api¢ 


otch 


FD nee toot 
0.5 
0.4 


er second 
F: 


Hea 
Az | foo 
B=0.9 
C: O07" 


adojs apic 


.S) 


discharge through /-foot 
P 


notch, in cubic feet 
“ 
Ps 


v 
‘Joaj-puosas ul’h2 


secondfeet 


4 
ws 


ischarge through 2-foot notch,in cubic feet per second. 


Nofes:9. 


Sopls 


D 


adays apis 


+423}-puosas urOz 


. 
. 


edojs apis 


° 


a) 


w 


ado/s €|:! 


~ 
~~ 


Rr s 
” "$29j-Puodas Ul"HZ 


F 


adojs apis 


8 
'}94 puoras ul‘Hs 


notch will be twice the discharge through a 1-foot notch. 


adojs apis 
A) N ~ 


3 
c 
° 

* o 
- @ 
12) 
w 
© 

QO. 

3 

Gy. 

2 

Q 
po 
o 

B= 

a 
oO 

— 
°o 
od 

ws 
8 

- 

NWN 

& 
Sa) 
] 
ro) 
i 

£& 

© 

mM 
< 
S 

oa 
1S) 

2 

(=) 


o 


adojs €\:/ 


Fic. 17.—Curves showing the side slopes required with different heads in order that the discharge through a 2-foot 


-J92} -puooas ul'®2 4 JaQj-puoras ul'h2 


notches with side slopes 1 to 3 and 1 to 6 were plotted, a set of curves 
being made for each of the following heads: 0.4, 0.5, 0.6, 0.7, 0.9, and 
1 foot (fig. 17). Lines A were obtained by plotting the actual dis- 
charges through the rectangular and Cipolletti notches with a given head 
against twice the discharges through 1-foot notches with the same head. 
Since no experiments were made with 1-foot notches having side slopes 
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1 to 3 and 1 to 6, it was assumed that similar plottings for such notches 
would lie on the same straight line as those for the rectangular and 
Cipolletti notches. Lines B pass through the origin and have a slope of 
45°. The discharges through a 2-foot notch with the various heads that 
would fulfill the condition of being twice the discharge through a 1-foot 
notch with the same head must lie on this 45° line. Curves C were 
obtained by plotting the discharges through the 2-foot notches of dif- 
ferent shapes against the decimal expression of the side slope of the 
notches. 

In each set of curves the point of intersection with the C curve of a 
vertical line drawn through the point of intersection of lines A and B 
indicates the side slopes which are necessary with a given head in order 
that the discharge through a 2-foot notch shall be twice that through a 
1-foot notch. The slopes found expressed as ratios of the horizontal to 
the vertical distance are given in Table XVI and indicate that the sides 
of a 2-foot notch which would give twice the discharges of a similar 
1-foot notch with heads up to 1 foot at least must be curves and must 
approach the vertical as they go up. 


TABLE XVI.—Side slopes necessary in order that a 2-foot notch discharge twice the amount 
of water from a I-foot notch 








| Head. | Slopes. | 
Feet. 
zo | 1 to 18. 5 
9 | 1 to 18.2 
a 1 to 14.7 
-6 1 to 12.1 
75 tto 6.5 
+4 tto 5.25 
+2 ayto 4.0 





4 Obtained from data for o.2 head. 


No attempt was made to determine the exact shape of the sides of the 
notch. They would be so complex, however, that their construction 
would render impracticable the use of such notches on the farm. 
Because of the appreciable difference in the effects of contraction with 
notches of different sizes, a similar comparison of the discharges through 
larger notches with those through a 1-foot notch would probably give 
results different from those obtained for the 2-foot notch. 


SUBMERGED RECTANGULAR AND CIPOLLETTI NOTCHES 


A notch is said to be submerged or ‘‘drowned”’ when the water level 
on the downstream side is higher than the crest of the notch. To deter- 
mine the effect of submergence upon the discharges 757 experiments 
were made with the 1-, 2-, 3-, and 4-foot rectangular and Cipolletti 
notches used in the free-flow experiments. The conditions on the up- 
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stream side of the weir were those of the standard weir box—that is, 
the width of box was to feet; the depth of the box 6 feet; and the dis- 
tance of the floor from the crest of the notches about 41% feet. A bulk- 
head was placed across the escape channel of the standard box, parallel 
to and about 534 feet from the plane of the weir, thus making the spill 
box 10 feet wide, 534 feet long, and 4 feet deep, the floor being about 2% 
feet below the crest of the notch. The height of the water in the escape 
channel was controlled by a steel head gate 20 inches square with a ver- 
tical slide set in the middle of the bulkhead about 0.5 foot above the 
floor, and by a 4-inch gate valve set near one end of the bulkhead, the 
finer regulation being made with this valve. The elevation of the water 
in the escape channel was determined by a hook gauge set in the concrete 
gauge box, which was connected with the escape channel by two 1-inch 
pipes which entered near the floor line 3% feet from the plane of the weir. 

Several minutes were required to adjust the flow of the water before 
an experiment was started, but when the desired condition of flow had 
been obtained it was maintained without difficulty throughout the test, 
except when the head on the upstream side of the weir was high and the 
head on the downstream side was small. Under this condition the large 
volume of water flowing through the notch depressed the water surface 
immediately downstream from the notch. This was followed by a 
standing wave, and the resulting backlashing and surging in the escape 
channel caused intermittent pulsations in the hook-gauge still box. The 
errors, however, were largely compensating, as is indicated by the con- 
sistent curves obtained from the experimental data. 

The discharges with different heads through the different notches, with 
free flow and with different depths of submergence, were plotted (figs. 
18 to 25) with discharges in cubic feet per second as abscissas and the 
heads upstream from the weir (H) as ordinates. Curves were drawn 
showing the discharges with different heads upstream from the weir 
(H.) with varying differences (Hp) between the head upstream from the 
weir (H4) and the head downstream from the weir (Hz). ‘The method of 
interpolating between the values given on the curves in figures 18 to 25 
is indicated by the dotted lines in figure 18 and is based upon the fact 
that Ha=Hs+Hp. The Hp=0.15 line must pass through the points 
where the various Hz lines intersect the H, lines and satisfy the equation 
Ha—Hs=0.15. The Hg=o0.65 line would be located similarly upon the 
points of intersection of the Ha and Hz lines. Interpolations for other 
depths of submergence can be made in the same manner by drawing H. 
lines for other than even 0.05-foot heads. For the purpose of compari- 
son, the free-flow discharge curve is drawn with each set of submergence 
curves. 

A series of experiments was made to determine the effect upon dis- 
charges of changing the conditions in the escape channel from free flow 
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to submergence. In this set of experiments the head upstream from the 
weir was made constant, but the conditions downstream were changed 
by stages in the runs from a free fall of 0.5 foot to a submergence of 0.1 
foot. The discharges through this change of conditions remained the 
same within the limit of the experimental error—o.5 per cent. The 


H 4=head 
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Discharge in cubic feet per second. 
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notches were all thin-edged, the cross section of the weir box in every 
case was large enough for full-contraction conditions, and the escape 
channel was wide enough to allow the sheet of water to expand laterally 
after passing through the notch. In none of the tests was the amount of 
submergence small enough to make it possible to determine whether 
the discharge is actually increased with the small amounts of submer- 
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notch submerged to different depths. H,=head above weir; H = head below weir; Hp=H 4—H = effective head. 
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gence. For all practical purposes, however, it may be stated that the 
discharge is not materially affected unless the notch is submerged until 
Hz is at least one-tenth of H4. When Hz is one-eighth of Ha, the dis- 


H,=head above weir; 
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charge is decreased approximately 2 per cent; when it is one-fourth, the 
decrease is approximately 6 per cent; and when it is one-third, the 
decrease is approximately 9 per cent. These percentages vary some- 
what with the head. 
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SUMMARY 


(1) The discharges through rectangular and Cipolletti notches when 
plotted logarithmically do not give straight lines and therefore can not 
be represented correctly by a formula of the type Q=CLH™. It was 


H 4=head above weir; 


effective head. 
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Fic. 23.—Curves showing the discharges through a 2-foot Cipolletti notch submerged to different depths. 
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found, however, in the case of the rectangular notches experimented with 
and the heads of water run, that a straight-line formula could be deduced 
that within the range of the experiments gave values quite close to the 
experimental data. 
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(2) The formula 


Q=3.247LH'-*— (ae ” 
gives discharge values for 1-, 1.5-, 2-, 3-, and 4-foot rectangular notches 
that agree within a maximum of approximately 1.2 per cent and within 
an average of 0.28 per cent with the curves plotted from the experimental 
data. 
(3) The discharges through the 0.5-foot rectangular notch do not fol- 
low the same law as those for the longer notches. The formula 


a” 1.526 a: SRS 
O=1.593H (: + aa) 


gives values consistent with the curve plotted from the experimental 
data. 

(4) The Francis formula gives values within approximately 2 per cent 
of the actual discharges, so long as the head does not exceed one-third 
the length of the notch. 

(5) Within the limits of the experiments the formula 


O= 3.08L}-2 }{4.-46+0.0032) 


— 


gives discharge values for the 1-, 1.5-, 2-, 3-, and 4-foot rectangular 
notches that agree within a maximum of 0.7 per cent, and an average 
of 0.26 per cent, with the values given in the curves plotted from the 
experimental data. 

(6) The formula O=1.566H'!™ gives values for the 0.5-foot rectan- 
gular notch that agree within 1 per cent with the curves plotted from the 
experimental data. 

(7) The curve-line formula for rectangular notches takes account of 
the law of variation of the discharge curves better than does the straight- 
line formula and, consequently, it appears that it will give closer values 
for higher heads and longer notches than those experimented with. 

(8) The formula 

0.566L} 
O= 3.247 —( T+ 2Lt 


\s +0.609H?5 


gives discharge values for the 1-, 1.5-, 2-, 3-, and 4-foot Cipolletti notches 
that agree within 0.5 per cent with the curves plotted from the experi- 
mental data, except in the case of the lower heads on the 1-foot notch, 
where the maximum divergence is approximately 1% per cent. 

(9) The discharges through the 0.5-foot Cipolletti notch do not follow 
the same law as those for longer notches. The formula 


I 


O= 1.593H wal oe pas + 0.587 


represents the discharges through such a notch. 
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(10) The Cipolletti formula gives discharge values within 1% per cent 
of the actual discharges so long as the head does not exceed one-third 
the length of the crest of the notch. 

(11) The formula 


Q ies 3.08 L1-022 F] (1.46+0.008L) +0.6H?8, 


which is based on the straight-line formula for rectangular notches, gives 
discharge values for the 1-, 1.5-, 2-, 3-, and 4-foot Cipolletti notches that 
agree within a maximum of 1 per cent with the curves plotted from the 
experimental data, the divergences at all but a few points being 0.5 per 
cent or less. The formula for the 0.5-foot notch is O=1.566H'5% + 
0.56H?', 

(12) The Cipolletti type of notch does not give discharges as nearly 
proportional to the length of crest as does the rectangular type, conse- 
quently, since rectangular notches are simpler to construct and the 
formula for such notch gives as accurate discharge values as does the 
formula for Cipolletti notches, the rectangular-notch weir is to be 
preferred. 

(13) The general formula for discharges through triangular notches 
of from 28° 4’ to 90°, and probably up to 109°, is 


QO = (0.025 + 2.462 S)H 


where H is the head in feet and S the slope of the sides. Triangular 
notches having side slopes greater than about 1 to 4 (109°) are impracti- 
cal, as the nappe adheres. 

(14) The go° triangular notch is the most practical triangular notch 
and should be used in preference to either rectangular or Cipolletti 
notches for discharges up to approximately 3 cubic feet per second. The 
approximate formula Q0=2.49H?* will give discharge values for 90° 
notches which agree very closely with the value obtained with the general 
formula for triangular notches. 

(15) The crest and sides of a weir notch need not be knife-edged. 
They are sufficiently sharp if the upstream corner of the edges is a dis- 
tinct angle of 90° or less and the thickness of the edges is not so great 
that the water will adhere to them. 

(16) The head should be measured upstream from the weir a distance 
of at least 4H, or sidewise from the end of the crest in the plane of weir 
a distance of at least 2H. 

(17) The distances required for full contractions with rectangular and 
Cipolletti notches are approximately 2H, but an additional cross- 
sectional area of the weir box is required to reduce the velocity of approach. 

(18) With end contractions equal to 2H and a bottom contraction 
equal to 3H, or end contractions equal to 3H and a bottom contrac- 
tion equal to 2H, the mean velocities of approach are about % foot 
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per second, and the discharges with medium to high heads do not agree 
more closely than approximately 1 per cent with the discharges com- 
puted by the formulas. 

(19) The average ratio of the cross-sectional area of the weir box (A) 
to the cross-sectional area of the notch (a) required to give discharges 
within 1 per cent of the values obtained with the formula is greater than 
7 and is probably near 15. 

(20) In order to make the results comparable with those for rectangu- 
lar notches, the end contractions for trapezoidal notches should be 
measured from about the middle point of the side of the notch, rather 
than from the end of the crest. 

(21) A notch which would give discharges proportional to the lengths 
of the notches would probably have curved sides, the slope decreasing 
with the head. 

(22) For all practical purposes, discharges through rectangular and 
Cipolletti notches are not affected until the notch is submerged to a 
depth equal to one-tenth the head upstream from the weir. Submergence 
equal to one-eighth the head upstream from the notch decreases the 
discharge approximately 2 per cent, that equal to one-fourth approxi- 
mately 6 per cent, and that equal to one-third approximately 9 per cent. 
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IDENTITY OF ERIOSOMA PYRI 


By A. C. BAKER, 


Entomological Assistant, Deciduous Fruit Insect Investigations, Bureau of Entomology 


This paper has been written in order to reinstate the woolly aphis 
described by Fitch from apple (Malus spp.) roots, to point out its dis- 
tinctness from the woolly apple aphis (Eriosoma lanigerum Hausmann), 
with which it has been confused, and to place it among the species of the 
genus to which it properly belongs. 

In 1851 Fitch’ described a woolly aphis under the name “ Eriosoma 
pyrt.”” At the same time he described the work of what seems to be 
E. lanigerum Hausmann onapple. At the time of his original description 
Fitch evidently did not know of the genus Pemphigus. This is indicated 
from his remarks in his first report,’ for in the description in this publi- 
cation he is quite positive in placing his species in that genus. The 
description of the wingless forms agrees well, however, with /anigerum. 

The identity of pyri has for many years been in doubt, and the name 
has been referred to different species as a synonym. The writer,’ in his 
recent work on the woolly aphis, considered it to be anigerum. This was 
based on two things: The description of the wingless forms, with the pos- 
sibility of abnormality in the winged form, and Gillette’s * statement in 
regard to the type. One fact, however, seems evident. The descrip- 
tions given by Fitch for his winged forms could not have been made from 
normal migrants of Janigerum. In fact, they could not have been made 
from winged forms of lanigerum at all. This is particularly true of the 
description in the first report. 

Fitch’s original notes on the species are now in the writer’s hands, and 
they throw some interesting light on the question. After describing the 
wings minutely, Fitch says: ‘The wings serve best to distinguish this 
species, and an exact figure of one or both of them will be the best illus- 
tration of it that can be given,” and again, ‘“‘Neuration of the wings 
identical with that of Myzoxylus imbricator.” By 1871 Fitch had some 
feeling that his pyr: might be a synonym of /anigerum, for in his notebook, 
under October 11 of that year, he suggests such a possibility. He adds, 
“My winged lanigera from Dr. Signoret is a Pemphigus, the 3rd vein 
being simple, but not so abortive at its base, and has all the veins 
slender.”’ 


1 Fitch, Asa. Catalogue with references and descriptions of the insects collected and arranged for the 
State Cabinet of Natural History. Jn 4th Ann. Rpt. [N. V.] State Cab. Nat. Hist., p. 68. 1851. 

2—— [Report on the Noxious and Other Insects of the State of New York.] p.7. /n Trans. N. Y. 
State Agr. Soc., v. 14, 1854, p. 711. 1855. Reprint, p. 7, Albany, N. Y., 1856. 

3 Baker, A.C. The woolly apple aphis. U.S. Dept. Agr. Office Sec. Rept. ro1, p. 13. 1915. 

‘Gillette, C. P. Plant louse notes, family Aphididae. Jn Jour. Econ. Ent., v. 2, no. 5, p. 352. 1909. 
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This much remains: Fitch was not sure that he was not dealing with a 
compound species in his apple-root form and his winged forms. This is 
shown by the following note: “Amyot describes Eriosoma lanigerum as 
producing excrescences. Can these small lice be that species, and the 
winged ones another species accidentally present with them?” 

What Fitch suspected is, the writer believes, true, and Fitch described 
the winged form of one species and the work of wingless /anigerum. 

In the United States National Museum collection there is some material 
labeled “‘P. pyri Fitch, Type,” and mounted by Pergande from the Fitch 
collection. This proves to agree in every detail with the different descrip- 
tions of the winged forms given by Fitch. ‘There seems good reason to 
believe that the material represents the specimens from which Fitch 
drew up his diagnosis. This is strengthened by the fact that the species 
occurs in the vicinity of Washington, D. C., and Vienna, Va., upon apple 
and upon pear (Pyrus spp.) roots. It is particularly common upon pear 
roots, and it occurs also upon Crataegus spp. and ash (Fraxinus spp.). 

Since this material seems to settle finally the standing of pyri, a descrip- 
tion is here given of the form based upon this material and upon other 
specimens collected mostly from pear roots. The form proves to belong 
to the genus Prociphilus, and in order to separate it from other species of 
the genus, descriptive notes and figures are given of the other species 
known to the writer. Particular stress is laid in these notes on the dorsal 
wax plates of the thorax, since these seem to prove good diagnostic 
characters. 

The writer has never seen specimens of Prociphilus crataegi Tullgren, 
and it may be possible that pyri and cratacgt are the same, since the 
sensory characters are similar. There seems, however, to be considerable 
difference in measurements. The question as to their distinctness or 
identity can only be determined by a careful comparison of the two. 

It is possible, also, that venafuscus Patch may prove to be pyri. But 
in the specimens studied by the writer the sensoria are much more even, 
and pyri seems to lack the small, pointed projection near the base of the 
third segment of the antenne. 

The following description will, however, serve to place pyrt: 
Prociphilus pyri (Fitch) 

Fall migrant (fig. 1, E, Q).—Morphological characters: Antennal segments as fol- 
lows: I, 0.064 mm.; II, 0.096 mm.; III, 0.544 mm.; IV, 0.224 mm.; V, 0.24 mm.; 
VI, base 0.192 mm., unguis 0.064 mm.; segments III to VI with transverse sensoria, 
usually very irregular in disposition and giving the segments, particularly segment 
III, a gnarled appearance; segment III with 28 to 35 sensoria, segment IV with 8 or 9, 
segment V with about the same number, and segment VI with 3 to6. These sensoria 
are on the underside of the antenne, the upper surface being armed with a few hairs 
situated on tubercles. Head above with two oval or almost circular transparent wax 
plates. Dorsum of thorax with a pair of rather small, somewhat triangular wax plates. 


Forewings 4.38 mm. long and 1.43 mm. wide at their greatest width. Hind tibie 
1.2mm.long. Length from vertex to tip of cauda, 2.48 mm. 
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Fic, 1.—Structural characters of the species of Prociphilus. A, P.bumulae: Distal segments of antenna of 
spring migrant. B, P. poschingeri: Distal segments of antenna of spring migrant. C, P. venafuscus: 
Distal segments of antenna of spring migrant. D, P. venafuscus: Distal segments of antenna of fall 
migrant. E, P. pyri: Distal segments of antenna of fall migrant. F, P. xylostei: Distal segments of 
antenna of spring migrant. G, P. populiconduplifolius: Distal segments of antenna. H, P. corrugatans: 
Distal segments of antenna of spring migrant. J/, P. corrugatans: Distal segments of antenna of spring 
migrant. J, P. alnifoliae: Distal segments of antenna. K, P. tessellatus: Distal segments of antenna. 
L, P. bumulae: Thoracic wax plates. M, P. poschingeri: Thoracic wax plates. N, P. xylostei: Thoracic 
wax plates. O, P.venafuscus: Thoracic wax plates. P,P. corrugatans: Thoracic wax plates. Q, P. pyri: 
Thoracic wax plates. R, P. alnifoliae: Thoracic wax plates. S, P. populiconduplifolius: Thoracic wax 
plates. 7, P. tessellatus: Thoracic wax plates. 
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Color characters: Eyes, antenne, and legs black; head black; prothorax and 
abdomen dull olive green with darker green marginal patches on the abdomen. 
Thoracic lobes and sternal plate black. Wing veins dark, with dusky bordering; 
the entire wing often more or lesssmoky. Head and thorax with a bluish white bloom; 
abdomen with a long cottony secretion, most pronounced caudad. 


Prociphilus aceris (Monell). 

Specimens of this species have a pair of large circular wax plates upon the head, 
and the dorsal wax plates of the thorax are of the same size and shape as those of 
venafuscus Patch. The sensoria on the third segment of the antenne are oval in shape, 
some almost circular. They are thus not typical for the genus, but approach those 
of attenuatus Osborn and Sirrine for which Dr. E. M. Patch, of the Maine Experiment 
Station, has erected the genus Neoprociphilus. There seems to be, however, a 
gradual gradation from the type to this species. ‘The wing also suggests that of aften- 
uatus, and there is some doubt in the writer’s mind in regard to the distinctness of 
Neoprociphilus. The measurements of antennal segments are as follows: III, 0.416 
mm.; IV,0.256mm.; V,o.24mm.; VI, base 0.272 mm., unguis 0.048 mm. 


Prociphilus alnifoliae (Williams) (fig. 1, J, R). 

Alnifoliae is a species of medium size with rather short antenne. The sensoria do 
not, as a rule, extend entirely across the segments, and they are often acute at each 
end, thus touching the margins of the segments as a point. The dorsal wax plates of 
the thorax are quite similar to those of corrugatans, being small and oval. 


Prociphilus bumulae (Schrank) (fig. 1, A, L). 

This species is very large and the sensoria of the antenne are even and do not usually 
extend beyond the margins of the segment. The dorsal wax plates of the thorax are 
large and triangular and situated close together. Insome specimens they almost touch 
along the median line. ‘The measurements of antennal segments are as follows: III, 
0.704 mm.; IV, 0.32 mm.; V,0.32mm.; VI, base 0.288 mm., unguis 0.064 mm. 


Prociphilus corrugatans (Sirrine) (fig. 1, H, J, P). 

This insect is a rather small species with regular sensoria present on the antennz of 
the spring migrant, but with them irregularly arranged on the antenne of the fall 
migrant. The dorsal wax plates of the thorax are small and oval in outline. The 
measurements of the antennal segments are: III, 0.32 mm.; IV, 0.144 mm.; V, 0.16 
mm.; VI, base 0.128 mm., unguis 0.032 mm. 


Prociphilus fraxini-depetalae (Essig). 
This species appears to be a synonym of venafuscus Patch. 


Prociphilus imbricator (Fitch). 

This well-known species has not been figured. The sensoria of the antenne are 
rather large, approaching those of tessellatus (Fitch). The dorsal wax plates of the 
thorax are small and well separated. The measurements of antennal segments are as 
follows: III, 0.368 mm.; IV, 0.176 mm.; V,0.176mm.; VI, base 0.192 mm., unguis 
0.048 mm. 


Prociphilus populiconduplifolius (Cowen) (fig. 1, G, S). 

The antenne of this species are characteristic in that the sensoria extend past the 
edges of the segments and give them an irregular or beaded effect on the margins. 
The wax plates on the thorax are also very characteristic, being minute and very 
widely separated. The antennal measurements are as follows: III, 0.4 mm.; IV, 
0.288 mm.; V, 0.208 mm.; VI, base 0.208 mm., unguis 0.064 mm. 

In the writer’s opinion there is not sufficient difference for the retention of the genus 
Thecabius. The habits of the stem mothers may be different, as indicated by patchii 
Gillette, and yet the insects are very close in structure. The wax plates and sensoria 
vary greatly within the genus. 
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Prociphilus poschingeri (Holzner) (fig. 1, B, M). 

Placed usually as a synonym of bumulae Schrank, this form as represented by our 
specimens shows some differences. ‘The insects are considerably smaller and the 
dorsal wax plates of the thorax are not triangular and close together as are those of 
bumulae, but are considerably separated and oval in outline. Measurements of 
antennal segments: III, 0.496 mm.; IV, 0.246 mm.; V, 0.246 mm.; VI, base 0.224 
mm., unguis 0.048 mm. 


Prociphilus tessellatus (Fitch) (fig. 1, K, T). 

The antenne of dessellatus are hardly typical for this genus. The species seems, 
however, to fit here as well as anywhere. The sensoria on the antennz are very broad 
for the genus and the shape of the segments is not typical. The dorsal wax pores 
are, however, quite normal. They are somewhat triangular in shape and are some- 
what smaller than those of venafuscus. In many specimens each is armed with a 
small hair. Measurements of antennal segments: III, 0.4 mm.; IV, 0.171 mm.; 
V, 0.171 mm.; VI, base 0.197 mm., unguis 0.032 mm. 


Prociphilus venafuscus (Patch) (fig. 1, C, D, O). 

The form described by Dr. Patch! is the most typical American species and the 
antennal characters are very similar to those of bumulae Schrank. The clouding of 
the wings met with in venafuscus is present also in our specimens of poschingeri though 
it is not noted in those of bumulae. The dorsal wax plates of the thorax are, in vena- 
fuscus, triangular like those of bumulae. They are, however, very much smaller. 
Measurements of antennal segments: III, 0.56 mm.; IV, 0.288 mm.; V, 0.288 mm.; 
VI, base 0.224 mm., unguis 0.049 min. 


Prociphilus xylostei (De Geer) (fig. 1, /, N). 

Specimens of this species are much smaller than those of bumulae or even those of 
venafuscus. The antennal characters are very similar to those of venafuscus. The 
dorsal wax plates of the thorax are, however, of quite different shape in the two species, 
although they are almost equal in size. Measurements of antennal segments: III, 
0.48 mm.; IV, 0.24 mm.; V, 0.24 mm.; VI, base 0.197 mm., unguis 0.048 mm. 

The average number of sensoria on the antenne of the species figured is shown in 
the illustration. The number varies somewhat in different individuals. 











1 Patch, Edith M. Aphid pests of Maine. /n Maine Agr. Exp. Sta. Bul. 202, p. 174. 1912. 











